Summary We studied the relationships among strength, muscle mass, and bone mineral density (BMD) with lifestyle change. Lifestyle therapy consisted of exercise, diet, and diet plus exercise. Diet was by caloric restriction to induce and maintain a weight loss of 10 % from baseline body weight. Exercise attenuated weight loss-induced muscle and bone losses. Exercise improved strength despite muscle loss in patients on diet and exercise. Changes in strength did not correlate with changes in BMD. However, changes in thigh muscle volume correlated with, and predicted changes in hip BMD. Introduction Losses of hip BMD and lean body mass are major complications of lifestyle therapy in frail, obese older adults; however, the contribution of mechanical strain loss from muscle loss is poorly defined. We determined the effect of changes in thigh muscle volume and muscle strength on BMD in frail, obese older adults undergoing lifestyle therapy aimed at intentional weight loss with or without exercise. Methods One hundred seven obese older adults were randomized to control, diet, exercise, and diet-exercise groups for 1 year. Thigh muscle volume was measured by magnetic resonance imaging, BMD by DXA, knee strength by dynamometry, total strength by one-repetition maximum (1-RM), and bone markers by immunoassay. Results Thigh muscle volume decreased in the diet group (−6.2 ± 4.8 %) and increased in the exercise group (2.7±3.1 %), while it was not significantly different from the control in the diet-exercise group. Changes in hip BMD followed similar pattern as those in thigh muscle volume. Knee extension and flexion increased in the exercise group (23±20 %; 25±19 %) and diet-exercise group (20±19 %; 20.6±27 %) but were unchanged in the control and diet groups. Changes in thigh muscle volume correlated with changes in hip BMD (r=0.55, P=<0.001) and were an independent predictor of changes in hip BMD (β=0.12, P=0.03) in the multiple regression analyses after accounting for demographic factors and changes in weight and physical activity. There were no correlations between BMD changes and knee strength, 1-RM, and sclerostin changes. Conclusions Changes in thigh muscle volume predict hip BMD changes in obese older patients undergoing lifestyle therapy. The effect of exercise in attenuating thigh muscle loss when added to diet may in part account for the reduction in weight loss-induced bone loss in the diet-exercise group.
Introduction
We previously reported that diet-induced weight loss in the elderly obese is associated with bone loss at the hip and loss of lean body mass and thigh muscle volume [1] . However, despite this loss of lean body mass, elderly obese patients undergoing weight loss alone experienced an improvement in physical function which was attributed to loss of excess body weight leading to improved mobility. Conversely, the addition of exercise to weight loss resulted in an even greater improvement in physical function compared with weight loss alone suggesting an additional benefit from exercise. In fact, we found that exercise can attenuate the diet-induced weight loss associated reduction of hip bone mineral density (BMD), lean body mass, and thigh muscle volume [1, 2] .
We also reported that the reduction in hip BMD from dietinduced weight loss was associated with an increase in sclerostin, an inhibitor of bone formation that increases in states of unloading [3] . This increase in sclerostin was inhibited by the addition of exercise, leading to attenuated bone loss in patients undergoing diet-induced weight loss and exercise compared with those undergoing diet-induced weight loss alone. Although we presumed that these changes in hip BMD with lifestyle intervention were in part mediated by changes in sclerostin as a result of changes in mechanical loading [3] , the contribution from changes in mechanical strain on the hip due to changes in muscle strength and changes in volume of muscles in the thigh remains poorly defined. Thus, the objective of this study was to determine the effect of changes in thigh muscle volume and thigh muscle strength on hip BMD in frail, obese, older adults undergoing lifestyle intervention. We hypothesized that the negative effects of diet-induced weight loss and the protective effect of exercise on hip BMD would be predicted by changes in thigh muscle volume and thigh muscle strength. Given that the changes in BMD in our subjects were observed only at the hip, in this study we focused on the changes in strength of the knee flexion and knee extension which have been used in previous studies to assess strength of thigh muscles [4] .
Subjects and methods

Subjects
The results described in this project were obtained from a secondary analysis of data from a previous study on the effect of lifestyle intervention on physical function in frail, obese, older adults [1] . This study was conducted at Washington University School of Medicine in accordance with the guidelines in the Declaration of Helsinki for the ethical treatment of human subjects. The protocol was approved by the Washington University Institutional Review Board. Participant recruitment was through advertisements. A written informed consent was obtained from each subject. Inclusion criteria/exclusion criteria were as reported previously [1] . Briefly, participants were ≥65 years of age, with BMI≥30 kg/m 2 , had sedentary lifestyle, stable body weight (±2 kg) over the past year and on stable medications for 6 months before enrollment. Those who were treated with bone-acting drugs (e.g., bisphosphonates, glucocorticoids, and sex-steroid compounds) during the previous year were excluded from participation. Reports describing the effects of weight loss and/or exercise training (ET) on measures of frailty, body composition, BMD, bone turnover markers, sclerostin levels, hip geometry parameters, specific physical functions, and quality of life on these subjects have been published [1] [2] [3] . The current manuscript reports the effects of weight loss and/or ET on muscle strength and thigh muscle volume and their relationship to the changes in hip BMD.
Study design
The participants were randomized, with stratification by sex, for a 52-week study, to any of the following treatment groups: (1) control group, (2) diet-induced weight loss group (diet group), (3) ET group (exercise group), and (4) diet-induced weight loss and ET group (diet-exercise group). Details regarding the intervention strategies have been described previously [1] . Briefly, subjects in the control group were advised to continue their usual dietary or activity habits. The diet group was recommended a diet that would provide an energy deficit of 500 to 750 kcal/day from their daily energy requirement and asked to meet weekly as a group for adjustments of calorie intake and behavioral therapy with a dietitian. Their food diaries were reviewed and new goals were set based on diary reports. The objective was to achieve a~10 % weight loss at 6 months and maintain this weight for an additional 6 months. The subjects in the exercise group were asked to maintain a weight-stable diet while participating in a multicomponent ET program supervised by a physical therapist. Each session was approximately 90 min in duration: 15 min of flexibility exercises, 30 min of aerobic exercises, 30 min of progressive resistance training, and 15 min of balance exercises. Subjects in the diet-exercise group participated in both weight management and ET programs described above. All subjects were provided supplements to ensure an intake of 1,500 mg of calcium/day and~1,000 IU vitamin D/day.
Outcome assessments
Muscle strength testing Knee flexion and knee extension Isokinetic knee extensor and flexor strength were evaluated using a Biodex System 3 dynamometer (Shirley, NY) as previously described [5] . During the testing, the participants were seated with their backs supported and hips positioned at 120°of flexion and secured to the seat of the dynamometer with thigh and pelvic straps. All tests were performed on the right leg. Testings were performed at an angular velocity of 60°/s. The best of the three maximal voluntary efforts for each of the knee flexion and extension was used as the measure of absolute strength and reported as peak torque at 60°in Newton meter (Nm) units. The biodex testing has the advantage that it minimizes the effects of neuromuscular learning on measurement outcomes, because the ET program did not include biodex exercise. These measurements were done at baseline, 6 and 12 months. The test-retest reliability of this method based on follow-up isokinetic testing done one week following the intial tests showed an intra-class correlation coefficient of 0.99.
One repetition maximum The total one-repetition maximum (1-RM; the sum of the maximal weight a person can lift at one time) were done at baseline, 6 and 12 months as previously described [1] . The test-retest reliability of this method based on follow-up 1-RM determinations one week following the initial tests showed an intra-class correlation coefficient of 0.96.
Thigh Muscle Volume
Magnetic resonance imaging (MRI) of both thighs were obtained using a 1.5-T superconducting MRI instrument (Siemens, Iselin, NJ) and a T1-weighted pulse sequence as described previously [6] . Ten transverse images, 10 mm thick, were obtained just above the patella with no intersection gap between slices. Muscle volume and cross-sectional area were quantified in each slice by Analyze Direct software (version 5.0; Mayo Clinic, Rochester, MN), which distinguishes muscle from other tissues based on pixel brightness. Volume data for ten slices were summed to represent muscle volume in the 10-cm longitudinal region of interest. Muscle size data are reported as the sum of values from the right and left thighs. This test was done at baseline and 12 months. The coefficient of variation (CV) for repeated measures of total thigh muscle volume was <1.5 % as previously reported [5] ).
Biochemical assays
Fasting venous blood samples were obtained at baseline, 6 and 12 months and samples were stored in −80 for future assays. Enzyme-linked immunosorbent assay was used to measure sclerostin (TECO Sclerostin; TECOmedical AG, Sissach, Switzerland), osteocalcin (Metra OC; Quidel, San Diego, CA, USA), and C-terminal telopeptide of type 1 collagen (CTX; Crosslaps: Nordic Bioscience Diagnostics Herlev, Denmark), while radioimmunoassay was used to measure Insulin-like growth factor-1 (IGF-1; Diagnostic Products Group), N-terminal propeptide of type 1 collagen (P1NP; Orion Diagnostica, Espoo, Finland), and serum 25-hydroxyvitamin D (25(OH)D; DiaSorin, Stilwater, MN, USA). Serum calcium was measured through Barnes-Jewish Hospital clinical laboratory using an automated colorimetric technique (Modular Analyzer, Roche). The CV for the above assays is as follows: sclerostin, <10 %; osteocalcin, 4.4 %; CTX, 2.1 %; IGF-1, <10 %; and 25(OH)D, <10 % as previously reported [2, 3] . The CV for PINP is 1.96 %.
Body weight, BMD, and body composition Body weight was measured in the morning after the subjects had fasted for 12 h. BMD and body composition were measured using DXA (Delphi 4500-W; Hologic, Inc., Walthan, MA, USA) as previously reported [1, 2] . The CV for BMD at our center is 1.1 % for the lumbar spine and 1.2 % for the proximal femur [7] . The CV for fat free mass and fat mass in our laboratory is 1.5 % [8] .
Statistical analyses
The primary outcomes for this report were the 12-month changes in muscle strength (as assessed by knee flexion and extension) and thigh muscle volume in relation to changes in hip BMD. Secondary outcomes included changes in sclerostin, IGF-1, and biochemical markers of bone turnover. Intention-to-treat analyses were performed using SAS version 9.2 (SAS Institute, Inc., Cary, NC, USA), with inclusion of all participants who provided any data after baseline. Baseline characteristics were compared using analyses of variance (ANOVA) or Fisher's exact tests. Longitudinal changes between groups were tested with mixed-model repeatedmeasures ANOVA, adjusting for baseline values and sex. Within the framework of the mixed model, when the p value for an interaction was significant, the specific contrasts were used to test the null hypothesis that changes between two specific time points in one group were equal to the corresponding changes in another group. Analyses testing for within-group changes were also performed using mixedmodel repeated-measures ANOVA. Pearson's correlation was used to examine relationships among changes in selected variables and changes in hip BMD, followed by stepwise multiple linear regression analysis to identify which variables were independent contributors to the changes in hip BMD. Data are presented in the tables and text as mean±SD and in the figures as mean±SE. All statistical tests were two-tailed, and P<0.05 was considered statistically significant. Our study was powered to detect a difference of 18 % in the percentage change in muscle strength and 5 % in the percentage change in thigh muscle volume between study arms with 80 % power and α=0.05.
Results
The results of screening, enrollment, randomization, followup and compliance have been reported [1] . Briefly, of the 107 volunteers who were randomized, 93 (87 %) completed the study. Fourteen participants discontinued the intervention due to personal or medical reasons but were included in the intention-to-treat analyses. The median attendance at exercise sessions was 89 % (interquartile 86 to 93) at 6 months and 87 % (interquartile 84 to 92) at 12 months among participants in the exercise group and was 88 % (interquartile 76 to 90) at 6 months and 79 % (interquartile 75 to 88) at 12 months among those in the diet-exercise group. As reported, the diet group lost an average of 9.7±5.4 kg (10 %) of body weight, whereas those in the diet-exercise group lost 8.6±3.8 kg (9 %) of body weight. There was no weight loss in the exercise group (−1.8±2.7 kg or a loss of 1 %) and the control group (−0.9±1.5 kg or a loss <1 %) [1] . There were no significant differences in baseline characteristics, including age, sex, race, weight, BMI, hip BMD, and Tscore and serum concentrations of sclerostin, IGF-1, and bone markers (Table 1 ) among the treatment groups [1, 2] . In addition, the four groups did not significantly differ at baseline in thigh muscle volume, and strength of knee extension and flexion (Table 1) .
Our results showed that patients in the exercise and dietexercise groups had a significant increase in the strength of knee extension at 6 (26.0±28.0 and 21.1±20.2 %, respectively) and 12 months (23.4±20.2 and 20.3±19.2 %, respectively) (Fig. 1a) . The strength of knee flexion also significantly increased at 6 and 12 months among patients randomized to exercise (29.3±15.3 % and 25.2±19.1 %, respectively) and at 12 months (20.6±27.5 %) among those randomized to dietexercise (Fig. 1b) . Thus, at the end of 12 months, the strength of knee extension and flexion was comparable in both exercise and diet-exercise groups. There were no changes in both knee extension and knee flexion among subjects randomized to control and diet groups.
As reported, there was a significant decrease in thigh muscle volume among patients randomized to diet (−6.2±4.8 %) and a significant increase in patients randomized to exercise (2.7±3.1 %) (Fig. 2a) [1] . Patients in the dietexercise group had a modest decrease (−2.3±5.1 %) in thigh muscle volume which was not significantly different from patients in the control group (−0.4±4.3 %). Analysis of changes in total hip BMD showed that, similar to changes in thigh muscle volume, patients in the diet group experienced a significant decrease in BMD (−2.6±2.1 % ) while patients in the exercise group had a significant increase in BMD (1.5±1.6 %) (Fig. 2b) . Meanwhile, patients in the diet-exercise group had a modest decrease in BMD (−1.1±2.7 %) which was not different from patients in the control group (−0.7 ±1.8 %). A similar trend was observed for BMD changes at the femoral neck although the change was only significant for those in the diet group; the diet group lost an average of −2.3±2.8 %. The exercise group had an average change in BMD of 1.0±3.2 %, the diet-exercise group of −0.9±2.8 %, and the control group of 0.05±2.9 %, all of which were not significantly different from baseline.
Serum CTX, OC, and P1NP significantly increased in the diet group (31±53 %, 24±32 %, and 9±29 %, respectively), decreased in the exercise group (−13±31 %, -15±28 % and −15±25 %, respectively), and did not change in the dietexercise and control groups [2] . Moreover, while there were no significant changes in IGF-1 at the end of 12 months, serum sclerostin increased in the diet group (10.5±1.9 % ) but this increase in sclerostin was prevented by the addition of 3 ng/mL), and diet-exercise (from 20.9 to 25.6 ng/mL) groups [2] . Average serum calcium levels which were normal at baseline among the treatment groups did not significantly change during the study (data not shown).
Pearson correlation analysis showed a positive correlation between changes in total hip BMD and thigh muscle volume (Fig. 3a) , r=0.51, P<0.001; and between changes in femoral neck BMD and thigh muscle volume (Fig. 3b) , r=0.27, P=0.02. There were no correlations between changes in total hip BMD and changes in strength of knee extension and flexion, and changes in sclerostin (r=−0.01, −0.07, and −0.12, respectively, all P > .05). As reported previously, changes in total hip BMD correlated with changes in lean body mass (r = 0.46, P= <0.001), total 1-RM (r = 0.23, P= 0.04), and markers of bone turnover including CTX (r = −0.32, P= 0.004), PINP (r = −0.30, P= 0.005), and osteocalcin (r=−0.37, P=0.001) [2] . Multiple stepwise regression analysis using variables that correlated with changes in total hip BMD by Pearson correlation (changes in thigh muscle volume, lean body mass, osteocalcin, P1NP, CTX, and 1-RM strength) showed that changes in thigh muscle volume were an independent predictor of changes in total hip BMD ( Table 2 ). The effect of changes in total 1-RM strength, an independent predictor of total hip BMD in our prior report [2] , was lost with the inclusion of changes in thigh muscle volume into the model. The final model which also included change in lean body mass and change in osteocalcin, explained 39.9 % of the variance in total hip BMD changes. In adjusting the model for age, gender, and change in weight, thigh muscle volume remained a significant predictor of total hip BMD (adjusted P values were, 0.04, 0.049, and 0.03, respectively). Likewise, in adjusting the model for level of physical activity using measures such as change in total 1-RM strength as a marker of improved physical fitness as well as treatment group assignment, thigh muscle volume also remained a significant predictor of total hip BMD (adjusted P values were 0.04 and 0.03, respectively).
Other relevant correlation studies revealed a negative correlation between changes in thigh muscle volume and changes in sclerostin (r=−0.23, P<0.05), and a borderline correlation between changes in thigh muscle volume and changes in knee flexion strength (r=0.23, P=0.06).
Discussion
Our results demonstrated that despite some degree of muscle loss, patients in the diet-exercise group also experienced a significant improvement in the strength of knee extension and flexion at the end of the study comparable to that of the exercise group. In addition, although there was a reduction in muscle volume among patients in the diet group, their strength remained stable at the end of the 12-month intervention period similar to controls. Our analysis also showed parallel changes in thigh muscle volume and hip BMD; patients randomized to diet had significant loss of thigh muscle volume and total hip BMD while patients in the exercise group had significant increase in thigh muscle volume and total hip BMD [1, 2] . Although subjects in the diet-exercise group were experiencing some degree of loss of thigh muscle volume and total hip BMD, losses in both were modest and not significantly different from the control group. More importantly, changes in thigh muscle volume positively correlated with changes in total hip BMD, and were an independent predictor of changes in the total hip BMD.
Falls account for the majority of hip fractures in the elderly [9] . Several nonskeletal factors have been recognized to influence BMD and the risk of fractures. Some of the most relevant nonskeletal factors associated with fall risk in the elderly include reduced balance, mobility, and lower limb strength [10] [11] [12] [13] [14] . The positive impact of regular exercise on muscle strength, gait, and balance in elderly has been demonstrated in several studies [15, 16] . However, little information is available on the effects of regular ET on the BMD in frail, elderly subjects and whether the positive effects of exercise on the muscles have any effect on BMD. This information is highly useful in the care of the obese subset who could be at high risk for falls by having the worst combination of being frail, old, and fat [17, 18] . Results from our group showed that weight loss leads to improvement in physical function in frail, elderly, obese patients but at the expense of loss of lean body mass and bone mass [1] . Consistent with reports from previous investigators [19, 20] , we found that these adverse effects are however, mitigated by the addition of regular ET [2] and resulted in even greater improvement in physical function [1] underscoring the benefits of exercise to both bone metabolism and muscle function even in the frail, elderly, obese subjects.
Of note, in addition to the to the corresponding changes in thigh muscle volume and hip BMD across the different treatment groups, our analysis also revealed a correlation between changes in thigh muscle volume and changes in hip BMD. Subjects who lost thigh muscle volume also had a reduction in BMD and vice-versa. Taken together, these findings may suggest that the changes occurring in muscle and bone are related or a result of an interaction between the two organs. In agreement with this concept are data from association studies showing that patients with low muscle mass also have low Variables entered into the model: Δ thigh muscle volume, Δ lean body mass, Δ body weight, Δ total 1-RM, Δ osteocalcin, Δ P1NP, Δ CTX, Δ level of physical activity, Δ sclerostin, age, and gender bone mass and vice-versa [21] [22] [23] . Furthermore, patients with history of vertebral fractures have been reported to have lower lean body mass than nonfractured controls [24] . Of particular interest, are reports showing that fractures that are covered by intact muscles are more likely to heal rapidly than those with damaged muscles [25, 26] . Despite speculations that muscles secrete certain osteogenic factors, this apparent relationship between muscle and bone metabolism is presently incompletely understood. Several factors produced by muscle tissues including IGF 1, IGFBP5, basic fibroblast growth factor-2, osteonectin, transforming growth factor-β1, matrix metalloproteinase 2, leukemia inhibitory factor, and osteoglycin, have been found to stimulate osteogenesis [27, 28] . Notwithstanding the significant differences in BMD and thigh muscle volume changes in this cohort, we did not find significant differences in IGF-1 among the different treatment groups [2] . However, our group found increased expression of mechanogrowth factor, an isoform of IGF-1, in exercising muscles [29] . Whether this is released into the circulation or in a paracrine fashion affects the neighboring bone remains uncertain. Conversely, PGE2 secreted by osteocytes has been found to induce myogenesis [30] . Alternatively, both myoblast and osteoblast come from the same mesenchymal stem cells, and events that drive these progenitor cells to differentiate results in activation of both myoblastic and osteoblastic signaling [31, 32] . Indeed, Wnt3A a component of the Wnt signaling system, which is crucial for bone development also enhances myogenesis and muscle fiber size [33] . Nevertheless, whether one factor or a combination of factors mediates the cross-talk and the coordinated regulationship between muscle and bone is unclear at this time. Conversely, we previously reported increased levels of sclerostin, an inhibitor of bone formation, in patients undergoing weight loss [3] . Sclerostin is a protein almost exclusively produced by osteocytes, the mechanosensors of bones, which goes up in states of unloading resulting in bone loss [34, 35] . It is possible that sclerostin also mediates the enhanced or reduced mechanical stimulation on the skeleton from increase or loss of muscle mass leading to increase or decrease in BMD, respectively. A recent report indicated a correlation between hand grip with wrist BMD, and bone quality as assessed by ultrasonogragphy [36] . We previously showed that subjects in the diet group with high sclerostin levels had deterioration in the parameters of hip geometry indicating poor bone quality while subjects in diet-exercise group with sclerostin levels not different from the control appeared to have preservation in these parameters [3] . Taken together, it is possible that the mechanical stain on the muscles from regular exercise was able to neutralize the effect of unloading on muscle loss and increase in sclerostin levels resulting in diminished bone loss and maintenance of bone quality.
Our results also suggest that muscle volume and muscle strength may not be equivalent, at least in our subjects.
Despite some degree of muscle loss in the diet-exercise group, there was an improvement in the strength of knee flexion and extension. More importantly, the patients in the diet group who had muscle loss had no deterioration in muscle strength, and their strength at the end of the study was similar to the control group who did not experience muscle loss. This is not surprising as obesity is associated with increase in interand intramuscular fat, and the measured muscle mass may not reflect pure muscle by itself [37] . Fat in the muscle tissue may impair muscle quality not only from a reduction in the quantity of muscle fibers but also from increased production of inflammatory cytokines [38, 39] . Although we have not quantified the degree of fatty infiltration in the muscles of our subjects, it is likely that this may explain the relatively poor muscle strength in the obese control patients who had no change in muscle volume. Conversely, it is possible that the improvement in muscle strength experienced by the dietexercise group and the relatively preserved muscle strength in the diet group are perhaps a result of the reduction in fatty infiltration and cytokine production leading to improvement in muscle quality despite loss in muscle volume in both groups. This may also partially explain the improvement in physical function in the diet group even with a significant reduction in lean body mass as we previously reported [1] . Nevertheless, whether the improvement in strength attenuated the bone loss in the diet-exercise group is uncertain as there was no direct correlation between changes in strength of knee flexion and extension and changes in hip BMD in this study.
Conclusions
Our results indicate that ET is beneficial in improving muscle strength and in maintaining thigh muscle volume and hip BMD in obese older adults undergoing lifestyle intervention which includes weight loss. Changes in both thigh muscle volume and hip BMD appear to parallel and correlate with each other possibly suggesting a common or a related mechanism regulating these changes. Furthermore, thigh muscle volume does not necessarily correlate with strength perhaps because muscle strength is more of a reflection of muscle quality than volume. Despite some degree of muscle volume loss in the diet-exercise group, ET improves muscle strength implying improved muscle quality. Our data indicate that ET is advantageous for improving both muscle and bone even in frail, obese, and older adults.
